Stable crystalline aluminum doped zinc oxide (AZO) nanopowders were synthesized using hydrothermal treatment processing. Three different aluminum precursors have been used. The Al-precursors were found to affect the morphology of the obtained nanopowders. AZO nanoparticles based on zinc acetate and aluminum nitrate have been prepared with different Al/Zn molar ratios. XRD investigations revealed that all the obtained powders have single phase zincite structure with purity of about 99%. The effect of aluminum doping ratio in AZO nanoparticles (based on Al-nitrate precursor) on structure, phase composition, and particle size has been investigated. The incorporation of Al in ZnO was confirmed by UV-Vis spectroscopy revealing a blue shift due to Burstein-Moss effect.
Introduction
Zinc oxide ZnO is a wide band gap (3.4 eV) semiconductor which has broad range of potential uses in optical and electrical applications such as in solar energy conversion, thin film transistors, photocatalysis, nonlinear optics, gas sensors, pigments, cosmetic, LED, anti-UV and low-emission coatings, and photoluminescent and sensor materials [1] [2] [3] [4] [5] [6] [7] [8] .
Undoped ZnO shows n-type conductivity due to the existence of native defects such as oxygen vacancy, zinc interstitials, and hydrogen interstitials in the ZnO lattice [9] [10] [11] . Unfortunately, the conductivity of undoped ZnO is thermally unstable. The substitution of Zn 2+ ions with group III ions (B 3+ , Al 3+ , Ga 3+ , and In 3+ ) [8] [9] [10] [11] [12] [13] [14] [15] [16] generates extra electrons and improves ZnO optical, electrical, thermal, and magnetic properties. Al 3+ has been the most used dopant element due to its small ionic radius and low material cost. The substitution of Zn 2+ ions with Al 3+ in ZnO lattice improves the electrical conductivity through the increase of charge carriers where it is reported that the electron concentration increases from 10 16 to 10 21 /cm −3 [17, 18] . The mobility of the charge carriers is strongly influenced by scattering at the disorder locations created in the crystal structure due to doping. Therefore, well crystalline doped ZnO particles, pure in phase, are very important for obtaining good electrical conducting properties. Accordingly, structural considerations should also be included [19] .
The choice of aluminum precursor used for substitution of Al 3+ ions in ZnO host lattice is very important. Organic salts are recommended for successful homogenous substitution [20] . On the other hand, doping based on aluminum's inorganic salts is reported to be not successful [21, 22] .
In this work, AZO nanoparticles were synthesized using hydrothermal processing using different aluminum precursors and different aluminum doping concentrations. The obtained nanopowders were characterized using X-ray diffraction, electron microscopy, and UV-Vis spectroscopy. 3 . The sol molarity was 0.5 M/L and Al/Zn = 1 mol.%. The synthesis method depended on the aluminum precursor as follows. ∘ C for 24 hours. For investigating the effect of Al-doping ratio, three different molar ratios were prepared, namely, 0.5, 1, and 2 mol.%.
Experimental Work

Preparation of AZO Nanoparticles (Different AlPrecursors
AZO Nanoparticles with Al-Isopropoxide as Al-
Precursor. The same steps followed in preparing AZO with Al-nitrate as precursor were repeated but Al-isopropoxide was used as aluminum precursor dissolving 0.12 g of Alisopropoxide in 20 mL of methanol instead of 0.187 g of Al-nitrate.
Powder
Characterization. Thermal properties of the powder have been determined by differential thermal analysis and thermal gravimetry analysis (DTA/TG) using a Netzsch STA 449 C Jupiter instrument. The AZO particles were dried in air at 100 ∘ C for 12 h and then grounded in a mortar to get a fine powder. 62.7 mg of the powder was heated in synthetic air in an Al 2 O 3 crucible up to 500 ∘ C at a heating rate of 2 K/min. The Brunauer-Emmett-Teller (BET) gas adsorption measurement technique was used to measure the surface area of the powders. The powder degassing was achieved using Autosorb Degasser station, and the measurements were conducted at liquid nitrogen saturation vapor pressure using Autosorb-6B from Quantachrome.
Powder X-ray diffraction (XRD) patterns of the samples were collected on a Bruker AXS D8 powder diffractometer unit, using Cu K radiation ( = 0.154 nm), operating at 40 kV and 40 mA. A position sensitive detector (LynxEye) based on Bruker AXS compound silicon strip technology was used. The ZnO powders were scanned between 2 = 10 ∘ and 100
∘ with a 2 scan step size of 0.005 ∘ . Glass sample holders were used as a support for all powder samples. The structural refinement of the obtained phases and profile analysis of the related diffraction patterns were carried out with the program TOPAS (general profile and structure analysis software for powder diffraction data, Bruker Analytical X-ray Systems). The mean crystallite sizes were calculated using the Scherrer equation (Scherrer constant = 1). The integral breadth-based volume weighted calculation (of crystallite sizes) assuming intermediate crystallite size broadening of the peaks was modeled by a Voigt function.
The morphology of the AZO powder was evaluated by field emission scanning electron microscopy using a JEOL JSM 7500F instrument. The micrographs were taken at an accelerating voltage of 15 kV.
Transmission of powder dispersed in ethanol was measured using UV-VIS spectrometer (CARY 5000 from Varian). The measurements were carried out in UV range 300-3000 nm.
Results and Discussions
Effect of Al-Precursor
Phase and Structural Characterization (XRD)
. XRD patterns of powders grown under different manufacturing conditions did not show significant variations, except traces of additional phases (<10 wt%). The XRD pattern of ZnO phase was in agreement with published pdf data number 01-070-2551 (ICDD 2009) for synthetic zincite. It is known that under ambient conditions the thermodynamically stable phase of zinc oxide is zincite that crystallizes in the hexagonal wurtzite (ZnS, space group P6 3 mc) structure. Figure 1 shows XRD patterns of aluminum doped zinc oxide AZO powder synthesised hydrothermally using Zn-acetate dihydrate and 3 different aluminum precursors, namely, Al-isopropoxide, Al-chloride, and Al-nitrate as doping starting materials. All samples have the Al/Zn doping ratio of 1 mol.%. Powder prepared with Al-isopropoxide favours the formation of single phase zincite structure while powder synthesised using Alchloride and Al-nitrate contains traces of additional phases (see Table 1 ). Due to the low intensity, these traces could not be reliably identified. Pure zincite structure for such samples is obtained by heating the powder at 400 ∘ C in air for 30 min. It is found that the intensity ratio of (101/002) peaks of AZO powder, prepared using Al-chloride precursor, is considerably high compared with that of other samples. It is considered that the variation of the (100)/(002) intensity ratio is influenced by the shear stress on the particles when it is compacted in the XRD holder. Figure 2 shows the SEM photographs of AZO particles prepared hydrothermally from the solution of zinc acetate dihydrate and three different Al-precursors. It is evident that the starting chemicals used for the synthesis of AZO nanoparticles have a strong influence on the morphology of the obtained powders. As seen in Figure 2 (a), using zinc acetate dihydrate and Alchloride results in formation of large agglomerates having hexagonal rod-like shape with a tip (see inset). The length of the agglomerates is 1-3 m and their diameter is 400-600 nm. The rod-like structures are formed by an ordered assembly of nearly spherical crystallite of about 60 nm in These results indicate that different anions have clear influence not only on particle shape, but also on the particle size. That is because different anions have different properties and are selectively absorbed on the surface of crystal faces to change energy distribution of the surface which in turn affects the growth behavior of these crystals faces, thus changing the morphology.
Morphological Characterization (SEM).
Effect of Doping Ratios.
AZO nanoparticles based on Alnitrate precursor, having different Al-doping ratio, namely, Al/Zn molar ratio of 0.5, 1, and 2 mol.%, were investigated in detail. It was chosen among the other samples due to the simple preparation method and low price of starting materials. Figure 3 shows XRD patterns of AZO powders synthesised hydrothermally and dried at 100 ∘ C for 12 hours, using zinc acetate and 6 ) phases, while in sample with Al/Zn = 1 mol% just traces of a phase with a low peak at 2 = 33.40 ∘ could be detected but could not be identified because of its low intensity. However, the sample with Al/Zn ratio of 2 mol% was free of extra phases rather than zincite phase. Detailed information about the different phases and crystallites parameters of obtained AZO particles with different doping ratios is listed in Table 2 .
Phase and Structural Characterization (XRD).
As seen in Table 2 , doping ZnO with aluminum clearly reduces the crystallite size of hydrothermal processed samples. This is because the ionic radius of Al 3+ (0.535Á) is smaller than that of Zn 2+ (0.74Á) ion which results in a decrease of the unit cell. Further increasing concentration of Al-doping ratio between 0.5 and 2.0 mol.% seems to promote the crystallite growth where the particle size of AZO nanoparticles increased from 15 nm at Al molar ratio of 0.5 mol.% to 47 nm for 2 mol.% (see Figure 4) . This seems to be due to exceeding the thermodynamic limit of solubility of Al in ZnO [22] , where Al 2 O 3 may occur as secondary phase. These results are different from reported data for particle size of AZO films prepared by different deposition methods [23] . The results are in good agreement with the SEM images shown in Figure 7 .
Because the ionic radii of Zn 2+ are larger than those of Al 3+ , the length of the c-axis is expected to shorten if most of the Al atoms are substituted into Zn sites. Besides the covalent bond length of Al-O is estimated to be shorter than Zn-O. These factors result in a decrease in the volume of the unit cell of AZO. In addition, doping ZnO with Al reduces the zinc interstitials for charge compensation which results in suppressed ZnO grain growth and deteriorated crystallinity. The size effects of aluminum are expected to be seen on the lattice cell which unfortunately does not seem to be really the case at the accuracy of the measurements for a and c axis of the crystal. The position of the (002) zincite peak is expected to shift. Figure 5 shows a slight shift in (002) peak position of the zincite for different Al-doping concentrations in comparison with an undoped zincite powder.
Thermal Analysis.
To determine the crystallization conditions, differential thermal analysis (DSC) and TG of AZO nanoparticles (Al/Zn = 1 mol%) dried at 100 ∘ C were carried out. The specimens were heated from room temperature to 1000 ∘ C with an increment of 10 ∘ C/min in air. Figure 6 shows a combined plot of DSC and TG. Very small overall weight loss of the nanoparticles is found to take place in the studied temperature range. It is only 1.14% of the initial particles weight. A small endothermic peak is seen in the temperature range of 100 ∘ C accompanied by a mass loss of about 0.65% attributed to the evaporation of water from the powder. Very weak broadened peak is noticed in the temperature range of 500 ∘ C. It is accompanied by very small weight loss of about 0.23% and is attributed to the burning and consumption of remaining organics. Therefore, the crystallization of AZO nanoparticles occurs at low temperature and it is stable where no phase change is expected to occur at high temperatures. Figure 7 shows the SEM morphology of AZO nanopowders with different doping concentration. Remarkable changes in the shape and particles size with the doping ratio are observed. Pure zinc oxide (Figure 7(a) ) exhibited large agglomerates with a double head asparagus pack like shaped structure. The agglomerates are formed by an ordered assembly of hexagonal rod-like structures; their lengths ranged from 1 m to 5 m and their diameter is of about 800 nm. The incorporation of Al 3+ into the ZnO seed affected the growth of the host lattice and the nanostructured form. The large agglomerates with asparagus shape seen in pure ZnO disappeared and only hexagonal rod shaped structure is seen. The dimensions of the hexagonal shaped structure differ for different doping ratios where very sharp decrease in the particles size is observed for powder with Al/Zn doping ratio of 0.5 mol%. The particle size is in the range of 10-30 nm. By further increasing the zinc content in the AZO powder, the growth of particle is promoted and its length increased to 30-60 nm for Al/Zn = 1 mol% and 40-70 nm for doping ratio of 2 mol%, which is in agreement with the XRD data in Figure 4 
Metrological Characterization (SEM).
UV/VIS Absorption.
The energy gap of the synthesized pure and aluminum doped zinc oxide nanopowders was determined from their UV-VIS absorption spectra. Figure 8(a) shows the absorption spectra of pure ZnO and aluminum doped ZnO measured between 300 and 600 nm. The absorption edge of the spectra is shifted to a higher energy (blue shift) by doping the zinc oxide with aluminum ions, where a reduction of the particle size is observed. The blue shift of the absorption edge can be assigned to the direct transition of electrons in the zinc oxide nanocrystals. The energy band gap ( ) values can be obtained from the absorption coefficient , which can be calculated as a function of the photon energy (ℎ]). The relationship between the absorption coefficient and photon energy can be expressed as [24] ( ℎ])
where is a constant. can be calculated from the expression = / , where is the measured absorbance and is the thickness of the sample in the UV-Vis cell. The value can be obtained by extrapolating the linear portion of the graph of ( ℎ]) 2 versus ℎ], which has been shown in Figure 8 (b). The obtained value for pure zinc oxide is 3.15 eV and increased to 3.167 eV for Al-doping ratio of 0.5 mol.% and a further slight increase to 3.185 ev for Al/Zn = 2 mol.%. These values of energy gap are smaller than those of 3.3 eV reported for single crystalline ZnO samples, which may be related to the presence of vacancies and dopants [25] . The blue shift of for AZO nanoparticles was reported by Tarasov and Raccurt [26] and it was attributed to the increase in electron concentration due to Al 3+ substitution for Zn 2+ . This effect, known in the literature as the effect of Burstein-Moss, is established as Δ ≈ 2/3 [27] . This may be considered as an evidence of the incorporation of Al 3+ in ZnO lattice [28] .
Conclusion
Stable AZO nanoparticles have been synthesized using three different Al-precursors using hydrothermal method. XRD measurements showed that obtained particles are crystalline with single zincite phase. Doping ZnO with aluminum reduced the particle size sharply but it starts to increase by further increasing the doping ratio. The powder structure and shape were investigated by SEM and it was found to be influenced strongly by the type of Al-precursor, where it changed from rod-like structure when aluminum chloride was used to nanoparticulate one with aluminum nitrate. The effect of Aldoping ratio on the phase structure, shape, and particle size was also investigated. AZO nanoparticles with a size of 12 nm have obtained for Al/Zn ratio of 0.5 mol.%. By increasing the doping ratio the particle size increased. The specific BET surface area increased with doping ZnO with aluminum. The energy gap is blue-shifted by increasing the doping concentration related to a decrease in the crystallite size. The presence of Al in ZnO was revealed by UV-Vis spectroscopy (a blue shift due to Burstein-Moss effect). DSC/TG analysis showed that the crystallization of AZO nanoparticles occurs at low temperature and no phase change is expected to occur at high temperatures.
